Abstract-Cardiac hypertrophy and heart failure (HF) are associated with reactivation of fetal cardiac genes, and class II histone deacetylases (HDACs) (eg, HDAC5) have been strongly implicated in this process. We have shown previously that inositol trisphosphate, Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII), and protein kinase (PK)D are involved in HDAC5 phosphorylation and nuclear export in normal adult ventricular myocytes and also that CaMKII␦ and inositol trisphosphate receptors are upregulated in HF. Here we tested whether, in our rabbit HF model, nucleocytoplasmic shuttling of HDAC5 was altered either at baseline or in response to endothelin-1, which would indicate HDAC5 phosphorylation and transcription effects. The fusion protein HDAC5-green fluorescent protein (HDAC5-GFP) was more cytosolic in HF myocytes (F nuc /F cyto 3.3Ϯ0.3 vs 7.2Ϯ0.4 in control), and HDAC5 was more phosphorylated. Despite this baseline cytosolic HDAC5 shift, endothelin-1 produced more rapid HDAC5-GFP nuclear export in HF versus control myocytes. We also find that PKD and CaMKII␦ C expression and activation state are increased in both rabbit and human HF. Inhibition of either CaMKII or PKD in HF myocytes partially restored the HDAC5-GFP F nuc /F cyto toward control, and simultaneous inhibition restored F nuc /F cyto to that in control myocytes. Moreover, adenovirus-mediated overexpression of PKD, CaMKII␦ B , or CaMKII␦ C reduced baseline HDAC5 F nuc /F cyto in control myocytes (3.4Ϯ0.5, 3.8Ϯ0.5, and 5.2Ϯ0.5, respectively), approaching that seen in HF. We conclude that chronic upregulation and activation of inositol trisphosphate receptors, CaMKII, and PKD in HF shifts HDAC5 out of the nucleus, derepressing transcription of hypertrophic genes. This may directly contribute to the development and/or maintenance of HF. 
C ardiac hypertrophy occurs in response to physiological and pathological stimuli. Under prolonged stress, cardiac remodeling frequently becomes maladaptive and leads to heart failure (HF), cardiac arrhythmias, and sudden death. [1] [2] This remodeling process has been associated with reactivation of fetal cardiac genes that encode proteins involved in contractility, Ca 2ϩ handling, and energetics. 3 Recent studies have indicated a key role for class II histone deacetylases (HDACs). [3] [4] [5] These HDACs (HDAC4, -5, -7, and -9) are endogenous repressors of transcription (eg, transcription driven by myocyte enhancer factor [MEF]2) and favor condensed DNA. When these HDACs are phosphorylated in response to stress stimuli, they are exported from the nucleus (bound to the chaperone protein 14-3-3), relieving the HDAC repressive function and allowing activation of a hypertrophic program of gene expression. 4 Indeed, mice lacking these HDACs display pronounced cardiac hypertrophy. 6 Ca 2ϩ /calmodulin-dependent protein kinase (CaMK) and protein kinase (PK)D have been identified as type II HDAC kinases. 5, [7] [8] PKD, previously referred to as the isoform of PKC, can act either in parallel with or downstream of PKC. 9 Based on its structural and enzymatic properties, PKD has been reclassified as a member of the CaMK superfamily. 10 Its proposed functions in various cell types have been as diverse as control of cell growth and survival and Golgi organization and function. 5, 9 Although neurohumoral activation of PKD in cardiac myocytes was described some time ago, 11 only limited information is available on the role of PKD in the heart. PKD has been shown to phosphorylate cardiac troponin I, reducing myofilament Ca 2ϩ sensitivity. 12, 13 There is also correlation between hypertrophic agonists that trigger HDAC5 export and those that stimulate PKD activity. 5, 14 Moreover, small interfering (si)RNA knockdown of PKD blunted the hypertrophic response in neonatal cardiomyocytes, whereas cardiac-specific expression of constitutively active PKD in vivo resulted in hypertrophy, followed by HF. 14 This suggests a role for PKD in cardiac pathogenesis. Therefore, our first aim was to determine the expression and activity levels of PKD in our rabbit HF model (and in human HF). We found that it was increased. Ca 2ϩ /calmodulin (CaM) and CaMKII have all been implicated in excitation-transcription coupling in cardiac hypertrophy and failure. [15] [16] [17] [18] [19] Moreover, CaMKII expression is increased in human HF and animal models of HF, 20 -21 and overexpression of either the nuclear CaMKII␦ B or cytosolic CaMKII␦ C causes hypertrophy and HF. 18, 19 Also, CaMKII inhibition protects against structural heart disease. 22 Recently, we showed that in adult rabbit ventricular myocytes, endothelin (ET)-1 elicits a local Ca 2ϩ release at the nuclear envelope via the inositol 1,4,5-triphosphate receptor (InsP 3 R). 23 This Ca 2ϩ signal activates nuclear CaMKII that phosphorylates (in approximately equal measure with PKD) HDAC5 and triggers nuclear export. 23 This novel pathway represents a mechanism by which myocytes can distinguish simultaneous local and global Ca 2ϩ signals involved in contraction versus gene expression. Both CaMKII and InsP 3 Rs are reportedly upregulated in human HF, 20, 24 and this was also true in our arrhythmogenic, nonischemic HF rabbit model. 21 Therefore, we sought here to determine whether the CaMKII (and PKD) signaling to HDAC5 nuclear export was elevated in HF (in rabbit and human). We demonstrate a tonic activation of this pathway in HF (ie, lower basal HDAC nuc / HDAC cyto ), which is reversed by kinase inhibition and mimicked in control myocytes by overexpression of PKD or CaMKII. There was also an increased sensitivity of the ET-1-mediated nuclear export of HDAC5 in HF that could be blocked by PKD or CaMK inhibition. These results indicate that the CaMKII and PKD activity in HF may cause or reinforce the HF phenotype. Therefore, suppression of class II HDAC nuclear export by inhibition of PKD or CaMKII may prove beneficial in HF treatment by repressing the genes involved in cardiac remodeling.
Materials and Methods

HF Model
HF was induced in New Zealand White rabbits by combined aortic insufficiency and stenosis as previously described. 25, 26 Rabbits were studied 11.7Ϯ1.9 months later, when end-systolic dimension exceeded 12 mm (measured by 2D echocardiography). 27 Myocytes were isolated via Langendorff perfusion as described, 26 with backflow across the incompetent aortic valve in HF rabbits blocked by an inflated balloon-tipped catheter. Myocardium pieces were also flashfrozen and stored at Ϫ80°C. Protocols were approved by the University of Illinois Chicago and Loyola University Chicago Institutional Animal Care and Use Committees.
Human Left Ventricular Tissue
Left ventricular (LV) tissue was obtained from 22 failing human hearts (20 men, 2 women; aged 50.8Ϯ2.8 years; ejection fraction, 17.6Ϯ2.2%) at the time of cardiac transplantation at Loyola University Chicago, University of Illinois at Chicago, or University of Pennsylvania Hospitals. Patients had end-stage idiopathic dilated cardiomyopathy (DCM) (nϭ13) or ischemic cardiomyopathy (ICM) (nϭ9), 17 were on inotropic drug regimen, 5 patients had LV assist devices, and 7 had implantable defibrillators for documented ventricular tachycardia. Seven nonfailing human hearts (which could not be used for transplantation; 6 men and 1 woman aged 50.5Ϯ6.7 years) were obtained from the Regional Organ Bank of Illinois and Gift-of-Life organ procurement organization of Eastern Pennsylvania. Use of human tissue for research was approved by the institutional review boards of each of the participating institutions.
Myocyte Culture and Imaging
Myocytes were cultured as described after infection with HDAC5-GFP adenovirus (10 multiplicities of infection). 23 For PKD and CaMKII␦ overexpression experiments, myocytes were also infected with adenovirus (100 multiplicities of infection) encoding PKD1, CaMKII␦ C , or CaMKII␦ B (or dominant-negative counterparts, ie, PKDK618N, CaMKII␦ C K43A, CaMKII␦ B K43A) for 24 hours total. 28, 29 CaMKII␦ viruses were kind gifts from Dr J. Heller-Brown (University of California, San Diego). Mouse PKD1 cDNA was subcloned into pshuttleCMV vector, and subsequently the adenovirus was generated according to the instructions of the manufacturer (Stratagene). Overexpression of PKD, CaMKII␦ C , or CaMKII␦ B was assessed by Western blotting. After 24 hours in culture, myocytes were exposed (or not) for 1 hour to 100 nmol/L ET-1 with or without CaMKII inhibitor (1 mol/L KN-93) or PKD/PKC inhibitor (10 mol/L Gö6967) pretreatment for 6 hours before ET-1 exposure. GFP-HDAC5 signals were measured by confocal microscopy. ImageJ software was used for analysis, with the intensity of the regions of interest normalized to area.
Myocyte superfusate contained (in mmol/L): 140 NaCl, 4 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 Hepes, and 10 glucose at pH 7.4 and 23°C.
Cell Lysate and Homogenate Preparation
Isolated myocytes were rinsed and lysed in ice-cold lysis buffer containing (in mmol/L): 150 NaCl, 10 Tris (pH 7.4), 2 EGTA, 50 NaF, 0.2 NaVO 3 , 1% Triton X-100, and protease inhibitor cocktail III (Calbiochem). Cell lysates were flash-frozen and stored at Ϫ80°C. Ventricular homogenates were prepared by grinding frozen tissue in a mortar and pestle and polytron and Dounce homogenization in buffer containing (in mmol/L): 150 NaCl, 50 Tris (pH 7.5), 1% Triton X-100, 10 NaF, 5 NaVO 3 , 1 Na-pyrophosphate, and protease inhibitor cocktail (Calbiochem). Samples were centrifuged at 2500g for 10 minutes and again at 10 000g for 10 minutes to remove debris, with supernatants flash-frozen and stored at Ϫ80°C.
Immunoblots
Homogenates and cell lysates (30 g protein/lane) were sizefractionated on 8% or 10% SDS-PAGE. Proteins were transferred to a 0.20-micron nitrocellulose membrane (NaF and NaVO 3 were added to transfer buffer). Immunoblots were blocked with 5% milk in Tris-buffered saline (TBS) Tween. The blots were then incubated overnight at 4°C with primary antibody: CaMKII-pT286 (1:1000 dilution; Affinity Bioreagents), a custom-made CaMKII␦, 30 HDAC5 or HDAC5-pS498 (1:1000, Signal Antibody Technology), PKD, PKD-pS916 or PKD-pSS744/748 (1:1000; Cell Signaling). After incubation with the horseradish peroxidase-labeled secondary antibody, blots were developed using enhanced chemiluminescence (Pierce Supersignal). All signals were recorded using a UVP EpichemII darkroom imaging system for quantification and captured on film for representation. Equal protein loading was ensured by reprobing for GAPDH (1:1000; Research diagnostics), and HF signals were normalized to control sample signals on the same gels. All experiments were performed in duplicate.
PKD Activity Assay
PKD activity was assayed essentially as described. 11 Briefly, immunoprecipitated PKD (using a bead-conjugated PKD antibody [Santa Cruz Biotechnology] for 2 hours at 4°C) was washed and resuspended in 40 L of assay buffer (30 mmol/L Tris-HCl [pH 7.5], 10 mmol/L MgCl 2 , and 1 mmol/L dithiothreitol). To initiate reactions, 10 L of phosphorylation mix was added (containing syntide-2 [2.5 mg/mL] and 100 mol/L [␥-
32 P]-ATP; 400 to 600 cpm/pmol). The mixture was incubated at 30°C for 5 minutes. The reaction was terminated by addition of 100 L of ice-cold H 3 PO 4 , and 100 L of the reaction mix was spotted onto P-81 phosphocellulose paper. Free [␥-
32 P]-ATP was removed by washing P-81 paper 4 times (5 minutes) in 75 mmol/L H 3 PO 4 . Radioactivity incorporation was determined by Cerenkov counting. All measurements were performed in duplicate.
MEF2-Luciferase Assay
Cultured myocytes were lysed, and luciferase activity was determined with the ONE-Glo luciferase assay system (Promega).
Immunocytochemistry
Myocytes were fixed with 4% paraformaldehyde in PBS. After incubation in PBS with 0.1% glycine, cells were permeabilized with 1% Triton X-100 and incubated with anti-HDAC5 (Cell Signaling; 1:100 dilution overnight at 4°C). This was visualized with anti-rabbit (Alexa488; Molecular Probes), and the nuclei were costained with Sytox orange.
Data Analysis
All results represent at least 4 separate hearts and are expressed as meansϮSE where quantified (n is the number of animal or human hearts in the biochemical experiments and the number of myocytes in functional experiments). Unpaired Student's t test or 1-way ANOVA were used for comparisons (PϽ0.05 was considered significant).
Results
Depressed Ventricular Function in HF
HF rabbits exhibited significant depression of LV systolic function, based on increases in LV end-diastolic and end-systolic dimension (by 54% and 81%, respectively; PϽ0.001) and decreases in LV fraction shortening (by 41%, from 37.4Ϯ1.3% to 26.4Ϯ1.1%; PϽ0.001) compared with baseline recordings in the same animals. Studies in rabbit myocytes were complemented by experiments in human LV tissue from 14 patients with end-stage HF. Human HF hearts exhibited severely depressed LV function, with a mean LV ejection fraction of 16.9Ϯ2.3% for ICM and 18.2Ϯ3.4% for DCM hearts, respectively. No apparent differences were seen among LV tissues from the different HF hearts based on the use of mechanical devices or drug treatment; therefore, data from these failing hearts were pooled per etiology. Figure 1 shows CaMKII␦ isoform expression in rabbit and human hearts (HF), measured using a custom-made ␦-specific antibody. 30 There are 2 splice variants of CaMKII␦: the cytosolic isoform ␦ C and the nuclear isoform ␦ B (attributable to a nuclear localization sequence), which can be distinguished by different mobility on gels. 18, 19 CaMKII␦ activation state was assessed with an autophosphorylation-specific antibody (pT286). Representative blots and densitometric analyses reveal a global CaMKII␦ increase in rabbit and human HF. More specifically CaMKII␦ B and -␦ C expression was, respectively, 60% and 112% (PϽ0.05) higher in rabbit HF myocytes ( Figure 1A ). Moreover autophosporylated CaMKII was increased in parallel (by 50% and 260%, respectively). A similar trend was observed in human HF ( Figure 1B ). Note that in ICM and DCM versus nonfailing, CaMKII␦ B expression was increased by 38% and 15%, respectively (only significant for ICM). CaMKII␦ C was increased by 57% and 39% in human HF (both statistically significant increases but not different between ICM and DCM). Therefore, in ICM versus DCM hearts, the CaMKII␦ B overexpression was more pronounced. Autophosphorylation signals were also significantly increased for both CaMKII␦ isoforms but was more pronounced for the nuclear isoform. It is unclear why CaMKII␦ B was relatively more autophosphorylated than CaMKII␦ C , but this may reflect stronger chronic stimulation of local nuclear signaling pathways that activate CaMKII in the failing heart.
CaMKII␦ Isoform Expression in HF
PKD Expression and Activity in HF
As for CaMKII, the activity of PKD can be inferred using phospho-specific antibodies because PKD activation involves phosphorylation of its activation loop (SS744/748) within the catalytic domain by novel PKCs, followed by autophosphorylation near its carboxyl terminus (S916). 5 Figure 2 shows Figure 1 . CaMKII␦ isoform expression in HF. CaMKII␦-specific antibody (and CaMK-pT286 -specific antibody) was used to measure CaMKII␦ C and -␦ B expression (and phosphorylation) in rabbit myocyte lysates (A) and human LV homogenates (B). Blots were quantified and normalized to control hearts (*PϽ0.05; nϭ6 for rabbits, nϭ7 for human nonfailing [NF] and nϭ9 and 13 for ICM and DCM HF, respectively).
that in isolated rabbit myocytes from failing hearts, PKD expression was upregulated by 90% (PϽ0.05; Figure 2A ). The signal with phospho-specific antibodies was also increased, but these antibodies (raised against mouse PKD phosphopeptides) gave a weak signal in rabbit versus human; therefore, the rabbit phospho-PKD was not quantified. Human LV homogenates ( Figure 2B ) show a similar increase in PKD expression, which was more pronounced in DCM than ICM hearts (106% increase versus 35%). The data obtained in isolated rabbit myocytes support the idea that this constitutes an actual myocyte upregulation of the ubiquitously expressed PKD. Phosphorylation of PKD was increased at both SS744/ 748 (29% and 150% for ICM and DCM, respectively) and S916 (67% and 263%). This is consistent with a higher basal PKD activity in human HF (especially DCM). Complementary data measuring P 32 incorporation by immunoprecipitated PKD into the PKD substrate syntide-2 ( Figure 2C ) also indicate an elevated basal PKD activity in human HF (again higher for DCM hearts; 54% versus 16% [PϽ0.05]). Thus, PKD expression and activation state are enhanced in both rabbit and human HF.
HDAC5 Expression and Subcellular Location in HF
Given the upregulation of these key kinases in HF, we next tested whether there is a tonic shift of the relative activation state of the InsP 3 -CaMKII/PKD-HDAC5 system in HF. HDAC5 expression was unchanged in both rabbit and human HF ( Figure 3A) . However, HDAC5 was more heavily phosphorylated in LV homogenates of failing human hearts (by 58% and 120% in ICM and DCM, respectively; Figure 3A , right), which would tend to reduce the nuclear versus cytosol HDAC5 levels. Indeed, measurement by immunostaining with an HDAC5 antibody, which is indifferent to phosphorylation ( Figure 3B ), showed that the basal HDAC5 nuc / HDAC5 cyto ratio decreases from 8.4Ϯ0.3 to 1.8Ϯ0.6 in rabbit HF cells. This is similar to the shift measured using adenovirally expressed HDAC5-GFP in HF versus control rabbit myocytes ( Figure 3C ). Thus, although total HDAC5 expression does not change in HF, it is more phosphorylated and thus more cytosolic (which would derepress MEF2-driven transcription).
PKD and CaMKII␦ Modulation of HDAC5 Distribution
Next we tested whether inhibition of CaMKII or PKD in HF myocytes could restore the nuclear to cytosol ratio toward the normal basal level. Figure 4A shows that inhibition of CaMKII (with KN-93) or of PKD (with Gö6976) partially restored basal F nuc /F cyto levels in HF myocytes toward that in nonfailing myocytes (6.3Ϯ0.3 and 5.6Ϯ0.4, respectively). Inhibition of both kinases fully restored F nuc /F cyto in HF myocytes to that of control (F nuc /F cyto 7.7Ϯ0.7). In addition, when we coexpressed HDAC5-GFP with dominant-negative kinases for CaMKII and PKD in HF myocytes, HDAC5 shifted significantly back into the nucleus (toward the normal baseline; Figure 4B ).
The converse experiment ( Figure 4C ) tested whether adenoviral overexpression of PKD1, CaMKII␦ B , or CaMKII␦ C in control rabbit myocytes would shift F nuc /F cyto HDAC5 Figure 2 . PKD expression and activity in HF. PKD expression and phosphorylation were examined in rabbit myocyte lysates (A) and human LV homogenates (B). Shown are representative Western blots (using global and phospho-specific antibodies) and quantified protein signals (normalized to control hearts; *PϽ0.05; nϭ6 for rabbits, nϭ7, 9, and 13 for NF, ICM, and DCM, respectively). C, Basal PKD activity in control and HF following immunoprecipitation using phosphorylation of syntide-2 as indicator of activity (*PϽ0.05; nϭ7, 9, and 13 for NF, ICM, and DCM, respectively). levels toward those in HF myocytes. Adenovirus-mediated expression of these kinases in myocytes (from control hearts) resulted in approximately 10-and 5-fold increases in PKD and CaMKII␦ isoforms, respectively (Western blots in Figure  4C ). Overexpression of PKD or the nuclear CaMKII␦ B isoform robustly drove HDAC5 from the nucleus, whereas the cytosolic CaMKII␦ C had a weaker, yet significant effect (F nuc /F cyto were 3.8Ϯ0.5, 3.4Ϯ0.5, and 5.2Ϯ0.5, respectively). Therefore, overexpression of these kinases partially mimics the HDAC5 HF phenotype. Overexpression of PKD and CaMKII␦ B together (data not shown) further reduced the F nuc /F cyto HDAC5 levels (even lower than that in HF). To confirm that this cytosolic shift of HDAC5 on kinase overexpression reflects transcriptional activation, we used a MEF2-luciferase reporter construct. Figure 4D shows that overexpression of PKD or either CaMKII␦ isoform increased basal MEF2-driven transcription (presumably via HDAC5 shifts, although other mechanisms cannot be excluded). Similarly, Zhang et al 29 showed that overexpression of either CaMKII␦ isoform in cultured neonatal rat ventricular myocytes increases MEF2-luciferase activity in response to the hypertrophic agonist phenylephrine.
ET-1-Induced HDAC5 Nuclear Export in HF
In addition to the tonic HDAC5 nucleocytoplasmic shift in the basal state, we assessed whether the ability of ET-1 to trigger HDAC5 export dynamically was altered in HF. As in control myocytes, ET-1 exposure induced a time-dependent export of GFP-HDAC5 from the nucleus ( Figure 5A ). The export was analyzed as a decrease of F nuc /F cyto , normalized to the initial ratio. The control group was treated the same without ET-1 exposure. Despite the smaller fraction of HDAC5 in the nucleus initially, there was a larger percentage shift of HDAC5 in HF myocytes. Longer exposure to ET-1 could completely deplete the nucleus (as in control myocytes). This enhanced nuclear signaling could be blunted by inhibition of either PKD or CaMK (with Gö6976 and KN-93, respectively; Figure 5B ). Moreover, inhibition of both kinases completely blocked HDAC5 nuclear export. In control adult rabbit myocytes overexpressing PKD, CaMKII␦ B , or CaMKII␦ C (via adenovirus), the ET-1-induced shift in F nuc / F cyto for HDAC5-GFP was significantly increased (34Ϯ2% decrease in normal myocytes versus 52Ϯ2%, 45Ϯ3%, and 43Ϯ2% for PKD-, CaMKII␦ B -, and CaMKII␦ C -overexpressing myocytes, respectively; Figure 5C ). This demonstrates that the more rapid HDAC5 translocation induced by ET-1 in HF myocytes can be mimicked, in part, by overexpression of PKD or CaMKII.
Discussion
Class II HDACs are well established as nodal points in the transmission of cardiac stress to hypertrophic gene expression, 2-5 the paradigm being that signal-dependent phosphorylation of these HDACs induce their nuclear export, thereby relieving their repressive effect on transcription. In previous work, 23 we identified a novel pathway for ET-1-induced transcriptional regulation in adult ventricular myocytes. Namely, ET-1 stimulates InsP 3 production, which elicits a local Ca 2ϩ release at the nuclear envelope by InsP 3 Rs there, causing activation of nuclear CaMKII and consequent HDAC5 phosphorylation and nuclear export, with resultant derepression of MEF2-dependent transcription. Small molecule inhibitors suggested that CaMKII and PKD contributed about equally to HDAC5 phosphorylation in this process, 23 but only recently has there been evidence for Ca 2ϩ dependence of PKD activation. 31 In the present study, we examine how ET-1-induced HDAC5 nuclear export is altered in HF and how altered CaMKII and PKD expression and activation are functionally involved (using HDAC5 nuclear export to indicate HDAC5 transcriptional regulation). We find, for the first time, that there is increased PKD expression and activity in failing human and rabbit hearts (in addition to both CaMKII␦ forms). Chronic activation of PKD and CaMKII in HF caused both a higher basal shift of HDAC5 out of the nucleus (implying chronic transcriptional activation) and an increased sensitivity of the system to acute ET-1 stimulation. Furthermore, acute PKD and CaMKII overexpression in normal myocytes were additive in mimicking the HF phenotype.
Upregulation of PKD and CaMKII␦ Isoforms in HF
Upregulation of CaMKII in animal models and human HF has been reported previously, 18 -21 but little information is Figure 3 . HDAC5 expression and subcellular location. A, HDAC5 expression and phosphorylation at Ser498 in failing human (right) and rabbit (left) hearts (nϭ6 for rabbits; nϭ7, 9, and 13 for NF, ICM, and DCM, respectively). Western blot signals were normalized to NF hearts. B, Immunocytochemistry of HDAC5 in control and HF rabbit. The small images show the colocalization (left) of the HDAC5 signal (middle) with the nucleus stained with Sytox orange (right). HDAC5 distribution was quantified as F nuc /F cyto (nϭ40 to 60). C, GFP-HDAC5 in short-term cultured rabbit myocytes mimics the native HDAC5 distribution (nϭ40). *PϽ0.05.
available on the relative contribution of the cytosolic and nuclear CaMKII␦ isoforms. This is of particular interest because nuclear signaling is usually attributed to the nuclear ␦ B splice variant (containing a nuclear localization sequence). The cytosolic ␦ C variant, on the other hand, is thought to mediate the effects on excitation-contraction coupling in HF, ie, the reduction in SR Ca 2ϩ content and systolic function, and contribute to arrhythmogenesis by diastolic SR Ca 2ϩ leak and Ca 2ϩ present changes. 32 Our data indicate that both CaMKII␦ forms are upregulated and more active in HF (Figure 1) . In rabbit HF, the cytosolic CaMKII␦ C was more strongly expressed and activated, whereas in human ventricle, the nuclear CaMKII␦ B increase was more prominent. Notably, acute overexpression of either CaMKII␦ B or CaMKII␦ C enhances HDAC4 phosphorylation and MEF2 reporter activity in cultured neonatal rat myocytes 29 or COS cells. 33 Additionally, transgenic mice overexpressing either nuclear or cytosolic CaMKII␦ exhibit hypertrophy and HF (more dramatically with cytosolic CaMKII␦ C ). 18, 19 Thus, both CaMKII␦ forms mediate HDAC nuclear export and hypertrophic transcriptional signaling, and their upregulation and activation must be functionally contributing in HF.
We also demonstrate upregulation of PKD expression and activity in both human and rabbit HF (Figure 2 ). This is consistent with PKD involvement in the "reactivation of fetal genes" because myocyte PKD expression is developmentally regulated (and much more expressed in fetal and neonatal versus adult hearts). 11 Also, in rodent hearts, PKD was elevated in response to chronic hypertension and pressure overload mediated by aortic constriction. 14 Likewise, overexpression of constitutively active PKD (like CaMKII␦) resulted in cardiac hypertrophy (and PKD was suggested to have a role in cardiac fibrosis). 5 All of this suggests that increased PKD activity may be causally related to adverse cardiac remodeling in HF. Besides these long-term effects, PKD may directly depress contractility by phosphorylating myofilament proteins and reducing Ca 2ϩ sensitivity. 12, 13 This may partly explain the attenuated inotropic response to ET-1 in failing human myocardium, 34 where PKD is more active. Moreover, PKD-dependent troponin I phosphorylation (at the same sites as PKA) reduces myofilament Ca 2ϩ sensitivity 12,13 but without the prominent inotropic and lusitropic effects of PKA on Ca 2ϩ current and SR Ca 2ϩ uptake, which allow PKA to enhance contractility (despite myofilament desensitization). Thus, PKD effects on myofilaments may contribute to reduced systolic function in HF.
Enhanced Nuclear Signaling by HDAC5 in HF
Our hypothesis was that nuclear signaling to HDAC5 would be elevated in HF, given previously reported increases in neurohumoral signals (such as ET-1) and CaMKII and InsP 3 R expression in HF 21 and our previous delineation of this InsP 3 -CaMKII-HDAC5 pathway. 23 We found unaltered HDAC5 expression in both human and rabbit HF (Figure 3) , consistent with previous reports in disease states. 6, 35 Instead, HDAC5 was more highly phosphorylated in human HF, indicating a higher cytosolic distribution (Figure 3 ). This was shown directly in rabbit myocytes with immunostaining and expression of GFP-tagged HDAC5 (basal F nuc /F cyto was Ϸ50% lower in HF). Note that this was not an all-or-none response; a reasonable fraction of HDAC5 remained nuclear.
Moreover the system appears to be finely tuned, highly dynamic, and reversible because long exposures to ET-1 could drive HDAC5 from the nucleus completely and acute inhibition of the key kinases CaMKII or PKD could reverse the HF phenotype. Conversely, overexpression of these kinases mimicked the HF phenotype (Figure 4) . We also found a higher sensitivity to ET-1 in HF, ie, a greater and faster nuclear export in response to the stimulus, despite the lower initial nuclear HDAC5 localization ( Figure 5 ). This may result from enhanced sensitivity of the local nuclear InsP 3 RCaMKII-PKD-HDAC5 axis attributable to upregulation and partial basal activation or depressed ␤-AR/PKA signaling in HF (because PKA can inhibit ET-1-induced PKD activation in adult rat ventricular myocytes 36 ). Furthermore, the higher circulating ET-1 levels and ET A receptor density in HF 37 would synergize with the more sensitive InsP 3 R-CaMKII-PKD-HDAC5 axis to further reinforce the HF phenotype (and other neurohumoral agents in HF may differ). Notably, sensitization to ET-1 in HF could be blunted by CaMKII and PKD inhibitors or mimicked in normal myocytes by overexpression of these kinases. These experiments illustrate the redundancy of signaling to HDAC5 because either kinase alone had only a partial effect (and intervention of both kinases was required for maximal effect). In addition, the overexpression data suggest that nuclear CaMKII␦ B is more potent for the long-term transcriptional effects of CaMKII␦.
A smaller effect on nuclear signaling was observed for the cytosolic isoform. A possible explanation is that cytosolic CaMKII␦ blocks nuclear import of HDACs by rephosphorylating cytosolic HDAC (whereas nuclear CaMKII␦ stimulates nuclear export). 34, 29 Our findings in adult ventricular myocytes here and elsewhere 23 differ from recent reports in COS cells and cultured neonatal rat ventricular myocytes. 8, 33, 38 First, in COS cells, only PKD, but not constitutively active CaMKII␦, caused export of HDAC5. Second, CaMKII selectively signals to HDAC4 by means of a unique CaMKII-docking domain that was not found in HDAC5, -7, or -9. 33 Backs et al 33 did indicate a possible explanation for our findings. That is, HDAC4 can complex with HDAC5 and phosphorylation of HDAC4 by CaMKII could result in cotranslocation of HDAC5. However, in adult myocytes, we found that a nonphosphorylatable HDAC5 mutant abolished the CaMKII-dependent HDAC5 nuclear export, 23 proving that CaMKII-dependent HDAC5 (and not HDAC4) phosphorylation was required for ET-1-induced HDAC5 nuclear export. Conceivably, HDAC5 phosphorylation differs in adult rabbit and mouse ventricular myocytes (versus COS cells or cultured neonatal rat ventricular myocytes). Developmental downregulation of PKD 11 and possible enhanced access of CaMKII to HDAC5 may explain more prominent CaMKII-dependent HDAC5 regulation in adult ventricular myocytes.
In summary, we found increased expression and activity of the type II HDAC kinases CaMKII␦ and PKD in HF. This contributed to more cytosolic versus nuclear HDAC5 in HF, less basal repression of transcription, and an increased sensitivity to stimulation by the hypertrophic agonist ET-1. Therefore, functional upregulation of PKD and CaMKII␦ in HF may contribute to and reinforce altered gene expression in HF. CaMKII and/or PKD activation also have acute excitation-contraction coupling effects that could contribute to diminished contractility and arrhythmias in HF. 12, 21, 32 Therefore, interference with CaMKII or PKD phosphorylation may be a useful therapeutic strategy to limit both hypertrophic signaling and acute dysfunction in HF. A deeper understanding of the pleiotropic functions of these kinases in heart, especially for the underexplored PKD, will be important to assess therapeutic strategies for the treatment of HF. ET-1-induced nuclear export of GFP-HDAC5. A, ET-1 (100 nmol/L) was applied for 60 minutes to quiescent rabbit ventricular myocyte expressing HDAC5-GFP. Mean individual myocyte measures of nuclear and cytosolic fluorescence (F nuc / F cyto ) normalized to the initial value before ET-1 exposure (nϭ6 rabbits). Controls (Ctl) were treated the same, except without ET-1 application. B, Adv-GFP-HDAC5-infected myocytes were pretreated with 1 mol/L KN-93 or 10 mol/L Gö 6976, separately or simultaneously for 6 hours, followed by ET-1 application (nϭ2 rabbits). C, Average end point (at 60 minutes) of HDAC5 nuclear export with and without ET-1 treatment (nϭ10 rabbits). *PϽ0.05.
